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Abstract
With a large number of tunnel boring machines (TBM) being used in various tunnel
constructions, the vibration problems under complex geological conditions have become
increasingly prominent. In order to solve this problem, this article investigates the application
of an adaptive magnetorheological (MR) damper on the vibration reduction of a TBM. The MR
damper could reduce the horizontal vibration of the TBM system and adjust its dragging force
on the propulsive system according to different geological conditions. The MR damper can
also provide large enough damping force even under a small amplitude vibration, which is
required by TBM. In this paper, an MR damper was designed, prototyped and its properties
were tested by an MTS system, including its current-dependency, amplitude-dependency and
frequency-dependency features. A scaled TBM system was built to evaluate the effectiveness
of the MR damper on the vibration reduction of TBM system. The experimental evaluation
results demonstrate that the displacement and the acceleration amplitudes of the TMB vibration
could be reduced by 52.14% and 53.31%, respectively.
Keywords: magnetorheological (MR) damper, tunnel boring machine (TBM), semi-active
vibration reduction.

1. Introduction
Tunnel boring machine (TBM) has been used more and more for a wide range of tunnel
excavations, such as subway tunnel, road tunnel, drinking water tunnel, and municipal pipe
network tunnel. During these tunnel constructions, complex geological environments often
hinder the smooth excavation [1,2]. Boring blocky rock mass and hard rock causes violent
vibration, which is easy to loosen the pipeline, damage the mechanical system, and even lead
to off-course of the TBM in the horizontal direction [3,4]. Practical examples of mechanical
damage associated with severe vibrations can be found in many papers. For instance, Bilgin [5]
et al. records that there are 20% mechanical failures related to vibration, including hydraulic
hose failure and steering cylinder failure during the Tarabya tunnelling. Zou et al. [6] present
that severe vibration led to some problems on TBM such as reduced penetration rate and
damaged disc cutter in Dahuofang railway tunnel, Qinling water tunnel and Liaoxibei Water
tunnel. Huo et al. [7] measured a Robbins TBM in Liaoning northwest project. The result shows
that the measured horizontal acceleration of a cutterhead reached 1.5g to 2.5g in normal
excavation conditions.
The above research has shown that the TBM is accompanied by severe vibrations during hard
rock excavation. It is essential to reduce these vibrations using different methods and devices
because severe vibration increases the maintenance cost and reduces the efficiency of tunneling.

The existing vibration reduction measures are only for some accessories on TBM. For instance,
Xie et al. [8] analyses the fluid structure interaction of a hydraulic piping system of TBM. It is
significant to suppress pipe vibrations by optimizing pipeline length. The author of this article
developed a MR damper and T-S fuzzy controller for segment erector vibration reduction,
which is installed on a TBM. Compared to a passive damper, MR damper reduces vibration
acceleration by 32.1% under a random excitation [9]. In addition, wire saw cutting technique
was proposed in underground tunnel excavation as a vibration reduction method by Gustafsson
[10]. Lee et al. [11] improved this technique by mounting a wire saw around center blast area
and a significant vibration reduction is observed. However, the above methods only
investigated the vibration reduction of TBM components or need to make major changes to
TBM.
In addition to the above methods, increasing the damping of the TBM structure is another
effective method. However, the conventional passive damper cannot satisfy the requirements
of the TBM because of the following two reasons. Firstly different damping is required under
different excavation conditions. Specifically, during the hard rock excavation, the vibration of
the girder is fierce and requires large damping force to attenuate the vibration; however, during
soft rock excavation, the large damping is not required because only slight vibration exists and
large damping force, conversely, will significantly increase the requirement of propulsion force.
On the other hand, the vibration amplitude of the TBM is small, thus it is hard to design a
conventional damper to generate large enough damping force under small amplitude vibration.
In order to resolve these issues, adaptive MR damper is proposed to control the vibration of
TBM in this paper. MR fluid is one kind of smart fluid, whose yield stress can be adjusted in
millisecond level [12, 13]. MR damper is a controllable damper filled with MR fluids and its
damping can be rapidly controlled. Because of the high adaptability of the MR damper, it has
been widely applied in many fields, including vehicle suspension, impact protection, vibration
control, adaptive robotic technology, etc. [14-22]. The controllability of the MR damper can
satisfy the requirements of different geological conditions. In addition, the high yield stress of
MR fluids under magnetic field enable the MR damper to have the capability of generating
large damping force under low vibration amplitude, which is an ideal feature required by the
vibration attenuation of TBM. In this paper, an MR damper is designed, prototyped and
characterized for a scaled TBM in Section 2. Section 3 introduced the testing system, conducted
the evaluation of the scaled TBM installed with MR damper and analyzed the testing results.
The conclusion is drawn in Section 4.

2. Construction of a scaled TBM installed with an MR damper
During the process of breaking the rock by TBM, the unbalanced moment and impact load can
cause severe vibration. As a result, the equipment, piping line and electrical devices on the
TBM often damage. In order to solve this problem, it is necessary to employ the MR damper
because it can generate enough damping fore.

2.1 The design of a scaled TBM
In order to evaluate the effect of the MR damper on TBM vibration reduction, an 1:35 scaled
TBM testing platform, as shown in Figure 1, is designed and manufactured following a real
TBM (type 880E, Aker Wirth corp.). The specific parameter comparison of the scaled TBM
and the real TBM is provided in Table1.

Figure 1. Structure of TBM installed with an MR damper
Table 1. Comparison between real TBM (model: 880E) and the scaled TBM
Items
TBM 880E
Test platform
Dimensions
25530x8800x8800mm
728x250x250mm
tunneling speed
3.5m/h
1~5m/h
Rotating speed of cutterhead
5.4rpm
5rpm~50rpm
Motor power of the cutterhead
8x430KW
1x0.75KW
Main drive mode
gears
gears

The test platform consists of three parts: propulsion module, rotary cutting module, and damper
module. Propulsion module is made up of a linear actuator and a linear guideway, which can
simulate the motion characteristics of the gripper and main thrust cylinders of TBM. The rotary
cutting module comprises of a servo motor, a planetary reducer, a pair of spur gears and a plate,
which is used to imitate TBM’s cutterhead and its driving system. On the plate of the test
platform, metal and plastic cutters are installed to imitate a real cutter to cut materials of various
hardness and density, driven by the servo motor. 3D printed plastic materials and foams are
installed on a plate in front of the cutterhead, as shown in Figure.1, to simulate the hard rock
materials and soft rock materials during the testing, respectively. Regarding the damper module,
one end of the damper is connected to the gripper shoes, and the other end is connected to the
girder. When the main thrust cylinders move forward, the MR damper’s rod also moves.
Following the practical installation, the scaled MR damper module is mounted between the

girder of the scaled TMD and the frames via two joints.

2.2 Structure of the MR damper
The structure of the MR damper is shown in Figure 2(a). In this design, a slider is mounted
between the steel cylinder and the piston to reduce the unbalance of the damper rod. For another
thing, a plunger subassembly which consists of O-rings, a plunger, bolts, and nuts, makes the
sealing better during spring compression. Dimensions of the main components are shown in
Figure 2(b). The pushrod can move 120mm from right limited position to front seal cap. The
manufactured MR damper is shown in Figure 2(c). MRF (MRF-132EG, Lord corp.) is filled
in the chamber of steel cylinder, and the gap between steel cylinder and damper coil is 1 mm.
The compressed spring and pole piece are made of AISI1065 steel and AISI 1012 steel,
respectively.

(a)

(b)

(c)
Figure 2. The structure of MR damper
(a) Design drawing (b)Dimensions of the main components (c) Manufactured damper components

2.3 Magnetic field simulation of the MR damper

In order to provide guidance to the damper design, the induced magnetic field of the MR
damper was simulated by COMSOL software with a two-dimensional (2D) axisymmetric study
and shown in Figure 3(a). The magnetic flux of the MR increases continuously with the
increasing current. The maximum mean flux of the damper was found to be 0.51 T at 2.5 A.
The damper shows saturation when the current was set at 2.5 A. As a result, the current range
of 0-2.5 A was chosen to be used in the tests. Parameters of the electromagnetic coil are shown
in the Table 2.

(a)

(b)

Figure 3. Magnetic field simulation (a) modelled damper and (b) average flux through the MRF for
varied currents
Table 2. Parameters of the electromagnetic coil
Items
Parameter

Turns
Diameter
Electrical conductivity
Resistance

200
0.5 mm
5.998e7 S/m
10.9 Ω

2.4 Testing of the MR damper
In order to verify the variable damping feature of the designed MR damper, MTS testing was
conducted under a wide range of testing conditions. The testing system is shown in Figure 4.
The test input is selected as the sinusoidal signal x = A∙ sin(2πft) to characterize the damping of
the device. 𝑥, A, f and t represent the displacement, amplitude, frequency and time, respectively.
The amplitude and frequency of the excitation can set via control software.

Figure 4. MTS testing of MR damper

2.2.1 Current dependency
In order to investigate the relationship between the damping force and the input current, the
MTS machine was programmed to generate 10mm amplitude excitation with a frequency of
1Hz. Figure 5 shows the damping variability in response to various currents: I = 0, 0.5, 1, 1.5,
2, 2.5A. The equivalent damping coefficient is calculated using the following equation [23,24].
ceq =

EDC

(1)

2π2 fΔ2

Where EDC is the energy dissipated per cycle, f is the loading frequency and ∆ is the maximum
displacement from the equilibrium position.
As shown in Figure 4(a), the enclosed area of force-displacement loops, EDC, increases with
the damper current increase from 0 to 2.5A. The calculated equivalent damping coefficient is
given in Figure 4(b). The calculation results show that the damping increases 233% from
1592.35 to 5302.55 N.s.m-1 with the increase of current from 0 to 2.5A.

(a)

(b)

(c)

Figure 5. Variable damping behavior under different damper current (A = 10 mm, f = 1 Hz)
(a) Force-displacement loops (b) Equivalent damping coefficient (c) Force-velocity loops

2.2.2 Amplitude dependency
The amplitude dependence of the MR damper under three amplitudes, A = 7mm, 10mm and
13mm, with the current of I = 1 A and frequency of f = 0.5 Hz, is presented in Figure 6(a). The
peak force is almost the same for all the amplitude cases. As shown in Figure 6(b), the
equivalent damping coefficient shows a decreasing trend with the increase of the displacement,
because the equivalent damping coefficient is inversely proportional to the square of amplitude.

(a)

(b)

Figure 6. Damper performance under different amplitudes (I = 1 A, f = 1 Hz)

(a) Force-displacement loops (b) Equivalent damping coefficient

2.2.3 Frequency dependent
As shown in Figure 7, the frequency dependent of the MR damper under various loading
frequencies: f = 1, 3 and 5 Hz, with the excitation amplitude A = 10mm and the current I=2.5A,
is presented. The peak damping force is almost the same under all three frequencies. The
equivalent damping coefficient, however, decreases with the increasing frequency f because
the equivalent damping coefficient is inversely proportional to the excitation frequency.

(b)

(a)

Figure 7. Frequency dependent (I = 2.5 A, A = 10 mm)
(a) Force-displacement relationship (b) Equivalent damping coefficient

3 The effectiveness valuation of the MR damper on the vibration attenuation
of TBM
3.1 Experimental setup for the evaluation system

Figure 8. Hardware of the control loop

The test platform is shown in Figure 8. The primary parameters of the TBM test platform are
m = 32.2 Kg, k = 10 121 Nm-1 , c = 510 Nsm-1 . Where, m is the structure mass; k is the stiffness
in horizontal direction; c is the damping coefficient, composing of structure damping and MR
damping in zero input current. During the test, the cutterhead is excited by colliding with plastic

bump (simulate hard rock) or cutting soft materials (simulate soft rock). In the control loop, a
laser displacement sensor (Model: ZX-LD 40, Omron Corp.) acquires vibration displacement
and converted to analog voltage signal by an amplifier (Model: ZX-L-N11-N, Omron Corp).
The displacement signal is sent to a real-time control board (Model: myRIO-1900, NI Corp.)
to calculate the required control signal for the MR damper. The control signal will be driven
by a power amplifier and then sent to control the MR damper.
Another control loop is adopted to control the feed movement and rotational motion of the
testing platform. A DC motor amplifier drives the linear actuator to push the cutterhead, and a
servo motor amplifier controls the AC servo motor to spin the cutterhead. Both amplifiers are
connected to the real-time control board.
Regarding the system monitoring, an acceleration sensor (ADXL202, Analog Devices Corp.)
and a laser displacement (Model: LB-11, Keyence Corp.) are employed to measure acceleration
and displacement of girder respectively. A force transducer (Model: DYZ-101, Dayang Crop.)
is installed at the end of the linear actuator to monitor the propulsion force. These signals are
collected by a data acquisition board (Model: myDAQ, NI Corp.) and then recorded in a
computer.

3.2 Control algorithm design
The controller is designed with the capability of adapting to different geological conditions in
this section. As shown in Figure 9, a displacement sensor is used to detect what kind of
geological conditions the TBM is working on. If the TBM is cutting soft rock, the vibration
amplitude of the TBM will be lower than the threshold and the required damping for vibration
reduction is small in this scenario. Consequently, the MR damper will be operating at off-state
to reduce the required propulsion force. When the system is cutting hard rock, the vibration of
the TBM be fierce and the vibration amplitude will be higher than the threshold. In this case
the sky-hook controller will be turned on to control the MR damper. In this test, the threshold
is set to be 0.3 mm. The control law is given by the following equation [25]:
{

cin (t) = cmax , if ż z≥0
cin (t) = cmin , if ż z<0

(2)

where cin (t), cmax , and cmin are the real-time damping of the MR damper, the maximum and
the minimum damping, respectively; 𝑧̇ and 𝑧 are horizontal velocity and displacement of the
girder, respectively. In this experiment, the specific current is set to be 2.5 A for the maximum
damping and 0 A for the minimum damping. This strategy indicates that if the relative
displacement of the girder with respect to the tunnel is in the same direction as that of the
velocity, then a maximum damping force should be applied to block movement away from the
center position. On the other hand, if the directions of displacement and velocity are in the
opposite directions, the damping force should be at a minimum to get the girder back to the
center as quickly as possible. The base principle is shown in Figure 9. Another point to note is
that the negative stiffness of MR damper has little influence on the system, this control process
ignores it.

Figure 9. Relationship of real-time damping with displacement
The control loop of sky-hook controller is detailed as follows: the laser sensor collects the
vibration displacement of the girder; the displacement values are differentiated into the velocity
of the girder. The controller controls the current to the MR damper according to the
multiplication of the displacement and velocity of girder.

Figure 10. Schematic of the control flow
The control signal waveform is shown in Figure 11. Noted that the vibration displacement is
acquired during hard rock excavation.

Figure 11. Control signal waveform

4. Testing results and analysis
The performance of the TBM installed with an MR damper is evaluated under both hard rock
and soft rock excavation conditions. 3D printed plastic plates is used to simulate hard rock
while a foam is used to imitate the soft rock during the evaluation. The detailed evaluation
results are illustrated as follows.

4.1 Evaluation under hard rock geological condition
During this test, both the displacement and acceleration of the girder are collected and
evaluated. The displacements of the girder under different cutting depth are presented in Figure
12. Three different working modes of the MR damper, i.e., controller off, controller on and
passive on, are evaluated. From the picture, it can be seen that the vibration amplitude
significantly decreased with the controller being turned on at 10s. Specifically, the vibration
amplitude reduced by 46.92% from 0.569mm to 0.302 mm under 2 mm excavation depth. What
more, the MR damper performed better when the excavation depth changed to be 4 mm. In
particular, the amplitude reduced by 52.14% from 0.817mm to 0.391 mm, as shown in Figure
12(b). As a comparison, the TBM installed with a passive-on state MR damper (the current to
be set as constant 2.5A) is evaluated as well and the testing results are presented in Figure 12.
The effect of the passive-on state MR damper is similar to the controlled case. However, energy
consumption of using sky-hook controller is more less than the consumption with turning on
the damper continually. The detailed results are listed in Table 2.

(a)
(b)
Figure 12. Displacement response of excavating hard rock (a) 2mm depth (b) 4mm depth.
Table 3. Displacement data of excavating hard rock
Excavation
Depth (mm)

Controller off

2
4

0.569
0.817

Controller on
RMS value
Percentage of
controller off
(mm)

0.302
0.391

constant 2.5A
RMS value
Percentage of
controller off
(mm)

46.92%
52.14%

0.311
0.401

45.34%
50.92%

The acceleration has a direct impact on the comfort of the operator and the mechanical
reliability of the TBM. The accelerations of TBM are show in Figure 13 and Table 3. The
acceleration amplitude drops by 50.08% from 0.581g to 0.290 g when the excavation depth is
2 mm, as shown in Figure 13(a). Similar with the above results, using MR damper can reduce
the vibration acceleration by 53.31% when the excavation depth is 4 mm, as shown in Figure
13(b).When the damper is energized with a constant 2.5 A current, it can also achieve a similar
performance with the controlled case, but the MR damper with constant current consumes more
energy compared with skyhook controlled case.

(a)
(b)
Figure 13. Acceleration response f excavating hard rock
(a) 2mm depth (b) 4mm depth.
Table 3. Acceleration data of excavating hard rock
Excavation
Depth (mm)

Controller off

Controller on
RMS value
Percentage of
controller off
(g)

constant 2.5A
RMS value
Percentage of
controller off
(g)

2
4

0.581
0.883

0.290
0.413

50.08%
53.31%

0.292
0.426

49.74%
51.75%

The propulsive force of the TBM under different control cases during excavating hard rock are
shown in Figure 14 and Table 4. From Figure 14 (a) it can be seen that the propulsive force
only slightly increases during the excavation with 2mm depth when the controller is turned on.
In particular, the force amplitude increased by 14.92% from 93.95 to 104.23 N under. For 4
mm excavation depth, the increase of propulsive force is similar with 2mm excavation depth,
i.e., increases by 17.7%. The case with MR damper energized with a 2.5 A current performs
similar with the controller-on case.

(a)

(b)

Figure 14. Force response of excavating hard rock
(a) 2mm depth (b) 4mm depth.
Table 4. Force data of excavating hard rock
Excavation
Depth (mm)

Controller off

RMS value
(N)

2
4

93.95
104.57

104.23
123.07

Controller on
Percentage of
controller off

114.92%
117.69%

RMS value
(N)

118.30
135.50

constant 2.5A
Percentage of
controller off

125.92%
129.58%

The frequency response under the states of turning the controller on or off is shown in Figure
15. From Figure 15 (a) it can be seen that the acceleration amplitude has a significant reduction
in low-band frequency after turning on controller. However, above 13.7Hz frequency the
damping effect is not significant. During the excavation with 4mm, the test results are similar
to the results of excavating 2mm shown in Figure 15(b).

(a)

(b)

Figure 15. Frequency response of excavating hard rock
(a) 2mm depth (b) 4mm depth.

In summary, the controlled MR damper can reduce vibration displacement by 51.62% and
reduce acceleration by 52.18% during hard-rock excavation and can perform better if the
excavation depth increases. In addition, the controlled case and the passive-on case perform
similar and much better than control-off case during hard-rock excavation.

4.2 Evaluation under soft rock geological condition
As is shown in Figure 16(a), when the soft rock is being excavated, the displacement amplitude
is only 0.23 mm, and the vibration amplitude of the girder is lower than the threshold; then the
controlled set the current to be 0A. This is the reason why the controller-off case and controlleron case perform similar. As a comparison, the performance of the passive-on case is evaluated
as well. From the testing results it can be seen that the vibration amplitude is slightly reduced
to 0.21 mm with the current being set to 2.5A, this is because the vibration of TBM is small
during soft-rock excavation. The acceleration during soft rock excavation are also presented in
Figure 16(b). When the soft rock is being excavated, the acceleration under controller-off and
controller-on states is only 0.16g. The acceleration is reduced to 0.15g when the damper is
powered with a constant 2.5A current.
The propulsion force is another significant evaluation factor for the TBM. The propulsion
force under different control cases is collected and presented in Figure 16. From this figure it
can be seen that the propulsion force of the controller-off and controller-on cases are similar
and much smaller than the passive-on case; this means the passive-on case will consume too
much energy during the excavation. Considering the vibration reduction performance of
passive-on case is only slightly better than the other two cases, it can be concluded that the
overall performances of the controller-on and controller-off cases are much better than the
passive-on case during cutting soft rocks.

(a)

(b)

(c)
Figure 16. Responses of excavating soft rock.
(a) Displacement (b) Acceleration (c)Force

Summarily, the vibration reduction performance and propulsive force under different tunneling
conditions and control cases are compared in Table 5. Considering the vibration reduction
capability and the propulsive force increase, the following conclusion can be drawn. Firstly,
the overall performance of the controller-on case and the controller-off cases is much better
than the passive-on case during soft rock excavation because the passive-on case only performs
slightly better than the other two cases, but its propulsive force significantly increased. For the
hard rock excavation condition, the overall performance of the control-on case and passive-on
case is much better than controller-off case because the vibration suppression of the controlleron and passive-on cases is much better than the controller-off case, in the meanwhile their
propulsion force only increased slightly. When we consider both of the two geological
conditions, we can find out that the controller-on MR damper performs good under both the
two excavation conditions while the other two cases can only adapt to one geological condition.
Table 5. Comparison of vibration reduction effects during different rocks
Geological condition
Items
0A input Controller on 2.5A input
0.23
Vibration displacement (mm)
0.23
0.21
Soft rock
38.89
Propulsive force (N)
38.90
96.11
0.883
0.426
Vibration displacement (mm)
0.413
Hard rock
104.57
123.07
135.50
Propulsive force (N)

5. Conclusion
This paper proposed an adaptive MR damper to work as a novel solution to reduce horizontal
vibration of TBM. Through MTS experiment, the MR damper’s minimum and maximum
damping force are 25.19 N and 95.12 N respectively, and the equivalent damping coefficients
are 97.4 Nsm-1 and 2238.8 Nsm-1 respectively. The adaptability of the MR damper on vibration
reduction of TBM under different geological conditions is successfully experimentally verified.
The controlled MR damper can reduce the horizontal vibration of TBM by up to 53.31% with
only slightly propulsive force increase under hard rock excavation. During the soft-rock
excavation, the MR damper can maintain the propulsive force of TBM to be low and performs
similar with large damping damper on vibration reduction. In summary, the controlled MR
damper can control the vibration of a TBM without inducing significant propulsion force
increase during different excavation conditions.
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